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their production methods. Since textile is a porous, and anisotropic three-di-
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Nature 2019 the pristine textile materials. Organic carbon-based functional materials are being
widely used for the comparative low-cost manufacturing process and the avail-
ability of their raw materials. Thus, the overview of the different carbonaceous
conductive materials and their application methods on textiles is very important
to understand and compare for utilizing these materials efficiently in numerous
E-textile applications. This paper reviews the fabrication procedures of the com-
mon carbon-based electronic materials, the methods of formulating colloidal
suspensions of different carbonaceous particles in the liquid solvent to develop
conductive inks, the methods to apply the inks on textile substrates, and relevant
use cases. A critical review has been discussed to compare and select appropriate
materials and their application methods on textiles for the scalable manufacturing
process and desired electrical characteristics.

Introduction techniques and generally are regarded as knitted,
woven and non-woven. They are highly porous with
the large surface area and have great flexibility and

Textile materials are the combined network structure wearability. Due to these properties, textile materials

of numerous natural or synthetic fibers. These textile have attracted great attention for producing textile-

materials are produced from a variety of fabrication based wearable electronics in recent years. Flexible
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and wearable devices made from textile fabrics have
the great potential as energy devices [1-6], flexible
electronics [1, 7-10], supercapacitors and ultra-ca-
pacitors [5, 11-16], wearable heaters [17-19], wear-
able antennas [20-23], biomedical devices [23, 24]
solar cells [26, 27] and so on. Due to the increased
demand in electronic textiles, there are significant
efforts to develop their manufacturing process in
previous years. The advancement in the field of tex-
tiles technology, nanotechnology, electronic and
materials engineering has altogether increased the
growth potential of electronic textiles to go further in
the commercialization pathway. Conductive particles
are the most used functional materials to electrify the
soft textiles. A considerable amount of literature has
been published on the conductive materials which
are used in the manufacturing of E-textile products
and devices. Metal nanoparticles (NPs), conductive
polymers, conductive carbonaceous materials are
predominantly applied on the polymeric fibers to
achieve conductive functionalization in textiles.
However, there are some drawbacks in using con-
ductive metal nanoparticles in such applications
since the processing of metal NPs is very perplexed
and involves toxic chemicals. Thus, researchers are
growing more interest in using carbon-based func-
tional materials from biological resources. Carbon-
based conductive materials such as graphene, gra-
phene oxide (GO), reduced graphene oxide (rGO),
carbon nanotubes (CNTs), carbon black (CB), acti-
vated carbon (AC) are widely used over metallic
particles due to their superior electrical property [25].
Usually, these materials are suspended in liquid
solvents to form conductive ink, printing paste,
[28, 29] and applied in textiles by a wide range of
application processes.

The application processes are varied with different
factors such as the purity of the materials, the mor-
phology of the particles, ink viscosity, ink rheological
properties, surface properties of textiles, and the
process variables involved in the coating procedures.
Spin coating, wet transfer monolayer, inkjet printing,
vacuum filtration, brush coating, direct electrochem-
ical deposition, kinetic trapping method, dip coating,
screen printing methods are the widely used meth-
ods to apply carbon-based conductive materials in
the regular textile substrates [30-35].

This article reviews an overview of the carbon-based
materials used recently in producing E-textiles and
compares methodologies to apply these materials on

@ Springer

J Mater Sci (2019) 54:10079-10101

textiles and the recent application use cases. The first
part of the paper introduces the readers with various
carbonaceous materials along with a comparative
analysis of their fabrication processes. The aim of this
part is to identify the scalable production methods of
carbonaceous materials from the existing literature.
Additionally, this section also describes the procedure
of dispersing the carbonaceous particles in liquid sol-
vents to formulate functional inks and pastes. Later,
the paper elaborately describes different fabrication
technologies to apply conductive carbon-based inks
on regular textile materials. We focus on the compar-
ative analysis of conductivity of E-textiles and analyze
different influential factors in the processing (coating,
printing) methods. The fabrication processes, espe-
cially inkjet printing, dip coating, and screen printing
are discussed and compared as methods for applying
conductive materials on textiles. Last part of this paper
reviews the widely used application areas of car-
bonaceous E-textiles, especially energy storage sys-
tem, sensors, and wearable heating devices.

Carbon-based materials used for wearable
E-textiles

Scalable fabrication of the functional materials is the
primary consideration for the sustainable development
of wearable electronic textiles. Researchers have been
using several kinds of conductive materials in fabri-
cating electronic textiles. In recent days, carbon-based
conductive materials such as graphene, GO, rGO,
CNTs, AC and CB have achieved great importance in
E-textile applications due to their extraordinary
mechanical stability and electrical performance. This
section will review the recent updates and advances in
the production methods of carbon-based materials and
their suitable raw materials along with their production
methods suitable for E-textile applications.

Graphene and its graphene oxides

Graphene is a two-dimensional material, consisting
of a single layer of carbon atoms connected in the
hexagonal lattice structure. Over the last few years,
graphene has attracted the vast attention because of
their high intrinsic carrier mobility, electrical con-
ductivity, superior mechanical properties, environ-
mental stability, and the potential for production at
low cost [34-37]. Single-layer and few-layer
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graphenes were first introduced by mechanical
exfoliation (Scotch Tape) of graphite [38]. Although
this process is not effective for bulk production of
graphene, this revolutionary discovery has created a
tremendous opportunity for different applications
including E-textiles. Recently, several techniques are
established for the successful production of gra-
phene. Liquid-phase exfoliation (production rate ~
5.3 g/h) [39, 40], wet stirred media milling in the
presence of sodium dodecyl sulphate(SDS) (produc-
tion rate ~ 1.5-2.5 g/h) [41] chemical exfoliation
(production rate ~ 0.9 g/h) [42-44], chemical syn-
thesis method [45], chemical vapor deposition from
sodium ethoxide (production rate ~ 1 g/h) [46] are
widely used methods for bulk scale production of
graphene. One of the most well-established com-
mercial methods of graphene production is the lig-
uid-phase exfoliation that involves milling graphite
into a powder and separating the particles into tiny
flakes by applying mechanical shear forces in a liquid
media (see Fig. 1a). Solvent, aqueous surfactants and

polymer solutions are used as a liquid medium for
exfoliation. Shear exfoliation in N-methyl-2-pyrroli-
done (NMP) solvent produce graphene in a high
production rate (5.3 g/h). The energy required to
exfoliate graphene in NMP is very low because it has
surface energy similar to graphene [39, 40]. However,
NMP-based graphene ink for textile-based applica-
tion is strongly discouraged because it requires post-
treatment at high temperature to remove the solvent
that affects the property of textiles severely. A better
alternative is the use of an aqueous surfactant such as
sodium cholate (SC). In this case, graphene is pro-
duced from graphite by sonicating the graphite-SC
dispersion for 40 h [47]. It stabilizes graphene mostly
because it is adsorbed on the graphene surface in
liquid media and creates charges that prevent
agglomeration by the electrostatic repulsion force
among graphene layers. The liquid-phase exfoliation
of graphite can also be achieved by using sonication
[48] of the liquid suspension of graphite to produce
graphene flakes, and later it is also proved that even a
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Figure 1 a Schematic representation of liquid-phase exfoliation
of graphene production from graphite with an SEM image of bare
graphene in the inset. (Reprint with permission from Ref. [64]
copyright 2018 Nature) b Schematic representation of the kinetic
growth stage of SWCNTs, respectively, in CVD method with an

SEM image of bare SWNT in the inset (Reprinted with permission
from ref [65] copyright 2016 Frontiers in Materials) ¢ Illustration
of the CB production with SEM image in the inset. d Illustration of
the AC production drawn from the description and SEM image of
the AC in the inset.
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high-speed mixer (minimum shear rate 10* s™') such
as kitchen blender [49] can be used to create violent
turbulent forces that pull graphene sheets apart
without destroying them. The production rate and
exfoliation efficiency of defect-free graphene pro-
duction depend on initial concentration, mixing rpm
and time of mixing. Shear exfoliation by the high-
speed mixer is more efficient than sonication in terms
of scalability and defects free [49]. In most of these
cases, pure graphite is used as the raw material for
graphene production because it is composed of layers
of graphene. Literatures also suggest that polymers
such as Poly(methyl methacrylate) (PMMA), poly-
ethylene terephthalate (PET), Polyacrylonitrile
(PAN), and methane gas are used as raw material for
graphene production which involves high-tempera-
ture annealing methods [10, 41, 50]. There are also
some other processes used to produce graphene
depending on their applications and end uses.
Chemical reduction of graphite oxide [51], ball mail-
ing [52], pyrolysis of carbonaceous materials [53] are
also used to prepare graphene according to desired
properties. However, the production rate of these
processes is very low compared to the liquid-phase
exfoliation process of graphite.

As graphene is expensive and relatively hard to
disperse in the ink due to the absence of any func-
tional group, GO has been used as the derivatives of
graphene with laced oxygen-containing functional
group. Grafting of oxide functional group to produce
GO instead of graphene can resolve this problem. GO
is considered easy to process since it is dispersible in
water and other solvents. GO is generally synthe-
sized from the graphite with different oxidation
processes. Brodie method [54], Staudenmaier method
[55], Hofmann method [56], Hummers method [55]
and also their modified methods are used for the
synthesis of GO. The recent trend of synthesis of GO
is modified Hummers method due to its simplicity
and absence of any toxic chemical (NO, and N,O,)
exhaustions. In this process, graphite is initially
treated with KMnO, and then a 9:1 mixture of con-
centrated H,SO,/H3PO, for 12 h followed by cen-
trifugation and filtration of the mixture [57]. These
reactants break the interlayer bond and produces GO
and further produce rGO as a result of the subse-
quent chemical, thermal or electrochemical reduction
process. Although GO is miscible in water which
improves the processability of the materials, GO is
not electrically conductive. Thus, graphene oxide is
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required to be reduced to impart conductive property
[58]. The performance of the rGO deposited textiles
largely depends on the amount of reduction of the
GO [9]. Generally, the ink of GO is reduced after
being applied to the textile substrates, which is
explained in the later part of this paper.

Numerous deposition methods, such as dip coating
[59], electrospinning [60], inkjet printing, screen
printing [3], vacuum filtration [48, 49, 61], wet
transfer of monolayer [51], brush coating [9], direct
electrochemical deposition [62] electrophoresis [63],
are used for depositing graphene into textile sub-
strates. Among these methods, screen printing and
dip coating are the scalable and comparatively less
complicated procedures to fabricate fabric-based
electronic devices. However, these two methods
cannot uniformly deposit graphene layer on the tex-
tile substrates like electrophoresis, electrochemical
deposition process. Processes like electrophoresis,
electrochemical deposition require sophisticated
instrumental setup and consume long time and high
energy. Moreover, the production rate is lower
compared to screen printing and dip coating pro-
cesses. Besides these methods, inkjet technology is
also successfully used to deposit structured graphene
layer on textiles for fabricating fabric-based electronic
textiles.

Carbon nanotube

CNTs are the one-dimensional tubular form of car-
bon atom of one to several nanometers diameter and
length of several nanometers to the micron [66].
CNTs can be constructed in two different basic
structures such as single-walled nanotube (SWNT)
and multi-walled nanotube (MWNT). SWNT is sin-
gle-layer tubular graphene sheet, and MWNT is
several layers of concentric tubular graphene sheet
fitted inside one each other. The recent trend of using
CNTs for fabricating electronic textiles is because of
their high electrical conductivity, superior thermal
stability (up to 4000 K), high tensile strength (63 GPa)
and low density (1.3-1.4 g/cm®) [67]. Additionally,
the high aspect ratio of CNTs helps to create con-
ductive percolation network on rough textile sub-
strates. CNTs are basically synthesized by arc
discharge [68], laser ablation [69], chemical vapor
deposition (CVD) [67, 70]. In arc discharge and laser
ablation method, graphite is used as raw materials
with metal catalysts [68], whereas CO, methane, and
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acetylene are used for CVD method [71, 72]. In recent
days, CVD is more popular because it requires lower
temperature (< 800 °C) comparing with other meth-
ods. In addition, the dimension of CNT such as
length and the diameter can be controlled more
precisely by using the CVD method (see Fig. 1b) [71].
However, scalability of CNTs synthesis by using
above-mentioned methods is extremely low. More-
over, separation of the catalyst used during the syn-
thesis process of CNTs and the prevention of
produced CNTs from agglomeration is extremely
difficult in further processing. Generally, acid-treated
CNTs are dispersed in an aqueous medium by using
anionic surfactant such as SDS, sodium dodecyl sul-
fonate (SDSA), sodium dodecyl benzenesulfonate
(SDBS), sarkosyl. Surfactants are adsorbed on the
surface of CNTs and formed hemicelles on the sur-
face [73]. In order to disperse the CNTs, they are
mixed with aqueous surfactant solution and soni-
cated for 1-2 h under high energy. Sonicating in high
energy at a short period of time prevents the break-
age of long CNT. The suspension is then centrifuged,
as a result, agglomerated nanotubes sediment at the
bottom and the suspension of individual nanotubes
are separated [74]. The choice of surfactants depends
on several factors like presence of benzene ring, and
the length of tail and head of the surfactants. Benzene
ring improves the binding and surface coverage of
the surfactant on the CNTs, long tail and charged
small head improve the packing density of surfac-
tants to repulse strongly [75]. Under considering all
this criteria SDBS is best suitable for CNT dispersion
[75-78]. The suspension prepared by using SDBS has
a high concentration of CNTs up to 20 mg/mL and
can be stable for several months without re-
agglomeration.

Deposition of CNTs on textile substrates is mostly
accomplished by dip coating, flexographic printing,
inkjet printing, and doctor’'s blade technology
because of their simplicity [29, 62-64]. In inkjet,
flexographic, doctor blade method, there is a CNT
deposited layer only on the surface of the fabric
whereas, in dip coating method, the CNTs are
wrapped around the fibers of the fabric [14, 80]. After
deposition, CNT deposited cotton fabric is treated
with acid to facilitate hydrogen bond formation with
cotton by imparting acidic group [30]. This process
can produce a conductive cotton fabric with high
electrical conductivity (sheet resistance 1 Q/0), flex-
ibility and foldability [30]. These unique properties
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are achieved because of strong adhesion of CNTs
with cotton textiles due to the high van der Waals
force and hydrogen bond between cotton and acid
treated CNTs [29]. Apart from the above-mentioned
properties, CNTs-coated textiles also possess flame
retardancy, UV absorption capability, and water
repellency [81].

Carbon black (CB)

CB is another common carbon-based conductive
material which is gaining popularity for fabricating
E-textiles in recent days [19]. Production and fabri-
cation of CB are easy and low-cost compared to the
other carbon-based materials used in wearable elec-
tronics [82]. Commonly, pure graphite, dry wood,
sawdust, coconut shell, seashell [69, 70, 83], high-
density polyethylene (HDPE) [84-86], benzene [87]
are used as the raw material for CB production. The
quality and the particle size of the CB depend on the
raw materials as well as on the preparation methods.
Generally, combustion at high temperature, gasifica-
tion, pyrolysis, thermal cracking is a widely used
conventional method for producing CB [86]. From the
last few years, thermal plasma method and liquid-
phase plasma method are used to produce CB from
high-density polyethylene pellets and benzene,
respectively [68, 73].

The application method of CB is comparatively
easy and accessible. In recent years, there has been an
increasing interest in using conventional screen
printing [82], knife coating [74, 75] for fabricating
E-textiles using CB particles. The researchers have
shown that screen printing of CB is more preferable
than dip coating. CB particles can’t be adsorped into
the fiber structure since it has a large particle size and
porous structure. As a result, CB-coated textile exhi-
bits very low conductivity. In addition, the large
particle size of CB comparative to other carbon
materials creates the problem of clogging the jet of
the inkjet printer [82]. On the other hand, conductive
textiles screen printed with CB exhibits good con-
ductivity because inter-yarn spaces of the fabric are
filled with CB particles. In the screen printing
method, a thick layer of carbon black is deposited on
the fabric surface that increases the electron mobility
[5]. However, a major problem of CB-coated textile is
the low wash durability compared to graphene, GO,
rGO, CNTs-coated textiles. The difference in the
mechanical properties of textile and screen-printed
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carbon black thick layer creates cracking and
delamination of the conductive films under
mechanical agitation like washing.

Activated carbon (AC)

AC is a form of carbon with a high surface area with
low-volume pores on the surface. High surface area,
pore structure, the magnitude and distribution of
pore volume [89] are the parameters defining the
quality of activated carbon for the adsorption of
adsorbate. AC is produced from inexpensive and
extensively available natural raw material including
agricultural waste [90-92], municipals waste slurry,
industrial waste slurry etc. [93]. These wastes are pre-
activated using H3PO,, ZnCl,, KOH, H,O,, H,SO,
and then pyrolyzed in an inert environment with a
constant flow of N, gas at a temperature ranging
from 600 to 900 °C for 24 h [70, 79, 80, 94]. The
extent of time depends on the activation rate and the
hardness of raw materials [89]. After annealing, they
are crushed and grinded to convert into microparti-
cles with low-volume pores on the surface. The vol-
ume and pore size distribution are important factors
for application in specific process operations. The
pore size and volume of the AC particles are signif-
icantly affected by the raw materials [95]. Some other
factors such as activation process and carbonization
techniques are also responsible for the distribution of
the pore size and the volume of AC particles [96].
Fabric strain sensors and energy devices made by
screen printing with AC show good potentiality in
the E-textile application [97].

AC is applied to the textiles by traditional dip
coating and screen-printing method to produce con-
ductive textiles [97]. In this case, pine wood and
coconut shell are used as raw material for the pro-
duction of AC. Printable thick paste containing high
loaded active materials with sufficient binders and
surfactants is used for screen printing methods,
whereas coating ink contains less percentage of active
materials. Screen-printed textiles have better electri-
cal properties than that of dip-coated textiles because
large particle size (2-32 um) of AC restricts sufficient
penetration of particles into the fiber in case of dip
coating. Direct conversion of textiles into AC by the
carbothermic reaction has also been used in E-textile
[98]. In carbothermic reaction, traditional pyrolysis
converts organic [98] and inorganic compounds into
gas, which creates the porous structure of AC.
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Fabrication methods
Properties required for ink formulation

The carbonaceous materials are usually applied to
textiles in the form of ink, as briefly described in the
previous sections. A carbon-based conductive ink
comprises of solvents, binders, surfactants and car-
bonaceous materials such as graphene, rGO, CNTs,
CB, and AC as fillers. These components are included
to impart the required ink rheology, suspend and
stabilize the carbonaceous particles in the liquid sol-
vent to improve processability. Some other compo-
nents such as humectants, stabilizers are also added
to the ink to tailor the ink properties [99]. Selection
and amount of these components depend on the type
of fabrication technology as well as on the type of
substrates on which electronics are printed. A crucial
component of the ink is solvent which facilitates the
flow of ink and transfers conductive materials from
ink to substrates. The selection of solvents depends
on the binder, active carbon materials and fabricating
methods. The ideal solvents for a specific binder and
active materials are selected by its solubility param-
eter and the vapor pressure [99]. Generally, solvents
with very low vapor pressure are suitable for screen
printing technology due to its high stability. Screen-
printed ink is required comparatively more time to be
processed on the fabric surface than other processes.
A solvent with high vapor pressure is not suit-
able due to its inclination to be evaporated in normal
temperature. Water, ethylene glycol, methanol, iso-
propanol are widely used solvents for screen-print-
able ink formulation of carbon-based materials. On
the other hand, volatile solvents with high vapor
pressure are used for inkjet printing technology.
Water as a solvent in inkjet printing of textile-based
electronics shows better advantages over volatile
solvents since it allows more time for penetrating
active materials into the fiber bulk. Another key
component of the ink is surfactants, which are used to
uniformly disperse the active materials and prevent
the agglomeration of the carbon particles by electro-
static repulsion or steric hindrance. However, sur-
factants decrease the electrical conductivity of the
printed film because of increased contact resistance
between carbon particles. SDS, SDBS,
cetyldimethylethylammonium bromide (CDAB),
sodium cholate (SC), poly (sodium 4-styrene sul-
fonate) (PSS) are mostly used surfactant for carbon-
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based conductive materials. The selection of the bin-
ders is also very crucial, and it depends on the sol-
vents as well as the interaction of the substrates. It
improves the rheological flow property and gives
sufficient viscosity to ease the processability of the
ink. Conductive polymers can also be used as binders
to improve the electrical property of the printed
electronics patterns [99]. However, binders are not
required for dip coating of the suspension of CNTs
and graphene, rGO, GO because these nanomaterials
forms strong van der Waals force with textiles [12]. In
case of inkjet printing, the required percentage of
binder is much less than that of screen-printing
technology because high viscous ink tends to clog the
nozzle of the printing jet. Natural rubber latex, cel-
lulose acetate, polyvinylpyrrolidone (PVP), polyvinyl
alcohol (PVA), polyurethane (PU), carboxymethyl
cellulose (CMC), LA-133 binders are used in the
formulation of carbon-based ink for coating and
printing technology (see Table 1). The homogeneous
suspension of ink is prepared by the sonication and
centrifugation processes in most of the fabrication
systems.

Dip coating

In textiles technology, dip coating is the process of
precession-controlled immersion and withdrawal of
any textile fabric into the liquid chemical to apply a
very thin layer on the fabric surface. Since ancient
days, people had been using this technique to apply
finishing chemicals or dyes on the surface of the
textiles due to its higher scalability (see Fig. 2c). Dip
coating process starts with the emersion of the textile
substrate; a coherent liquid film is entrained on
withdrawal of the substrate from the coating liquid
which then consolidates by drying with moderate to
high temperatures depending upon the textile mate-
rials. After dipping the substrate into the ink, the
substrate is passed through pressure unit. Usually,
this pressure unit consists of two or more pressure
roller ~where pressure can be controlled
pneumatically.

A large number of recent research works has been
published regarding the manufacturing of E-textiles
by using dip coating method and successfully char-
acterized them for applications such as bend sensing
and energy storage [5, 9]. There are varieties of fac-
tors that determine the performance of the final dip-
coated E-textile. The properties and effectiveness of
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the E-textiles devices depend mostly on the coating
cycles or mass load, immersion time, surface nature
of substrates, chemical nature of fiber, characteristics
of conductive materials. The strong van der Waals
interaction of CNTs, graphene, rGO helps to wrap
around fibers in dip coating process as shown in
Fig. 3b, d [30]. Thus, the produced electronic textiles
have enhanced flexibility and high stability to bend-
ing. On the other hand, dip-coated textiles fabricated
by using CB and AC have less conductivity due to a
large particle size which cannot penetrate into the
fiber structures [5]. Usually, the electrical conductiv-
ity of dip-coated textiles is relatively low because the
porous structure of the coated fabric resists electron
mobility. Ink wastage is another disadvantage of the
dip coating process which ultimately leads to signif-
icant cost when the process deals with expensive
materials such as CNTs, graphene, and rGO.
Pristine cotton fabric dip-coated with SWNT shows
lowest electrical sheet resistance [14, 30, 80], whereas
pristine cotton fabric dip-coated with MWNT shows
thousand times higher electrical sheet resistance [77].
This discrepancy among two types of CNTs is prob-
ably due to the high aspect ratio (Ilength to diameter
ratio) of SWNT which conformally wrap around
cellulose fibers, purities of the CNTs, and the intrinsic
conductivity of SWNT and MWNT, etc. [12, 101].
The electrical resistance of conductive textiles
coated with pristine graphene and graphene oxide
varies with respect to the flake thickness and lateral
size of graphene, reduction processes, reducing
agents, the concentration of the reducing agent and
the reduction time [104, 105]. Previous literature
reported that Na,S,0, is the most efficient reducing
agent for reducing GO compared to other reducing
agents such as sodium borohydride (NaBH,) and
diazene (N,H,) [102]. Na,5,04 has low electrode
potential that restores the m-conjugated structure of
GO most effectively. Moreover, tensile strength and
elongation percentage coated textiles were changed
insignificantly during the reduction of GO by Na,.
5,04 [102]. Recent literature reported on rGO dip-
coated conductive cotton textiles [9] where the rGO
ink (3.2 mg/ml) was prepared by the reduction of
GO (1 mg/ml) using Na;SO,. The resultant rGO was
dispersed by PSS under vigorous stirring for 12 h. A
cotton woven fabric was then immersed into the final
dispersion, padded through a padding mangle and
then dried in order to achieve rGO-coated conductive
E-textile. The resultant fabric has C/O ratio of 6.1 and
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Table 1 Summary of the sheet resistance of carbon-based conductive textiles fabricated by three popular fabrication methods

Functionalization Active materials Textile substrate Sheet resistance Q/[] References
Dip coating
Surfactant
SDBS SWNT Polyester and cotton 4 [14, 30, 80]
sheet
SDBS MWNT Carbonized cotton 20 [77]
woven
SDBS MWNT Cotton woven 1000 [77]
Sodium cholate Graphene Polyester non-woven 700 [117]
sheet
Reducing agent
Na,S,0, & PSS GO Cotton twill woven 37000 [9]
Hydrazine rGO (LF-M-rGO) Polyamide-66 926 [104]
nanofiber fabric
NaBH,4 rGO Cotton woven 560 [103]
Screen printing
Binder
PVA binder CB Cotton woven 60 [88]
Aliphatic urethane acrylate, Graphene-CNT Cotton woven 237 [112]
Ebecryl-2002, Esacure DP250
Acetylene black, LA133 MnO2-coated hollow Ag treated silk 3 [113]
carbon microspheres
Acrylate binder, electrochemical GO Cotton woven 110000 [100]
reduction
Inkjet printing
Aliphatic urethane acrylate, MWNT Cotton woven No sheet resistance but surface [79]
Ebecryl-2002, Esacure DP250 resistivity is 680 Q
Reducing agent + binder
L-Ascorbic acid PVA binder rGO NP1 -pretreated 2140 [110]
cotton woven fabric
L-Ascorbic acid, PVA binder rGO Cotton woven fabric 1090000 [110]
Surfactant
SDS SWNTs Cloth fabric 815 [15]

sheet resistance of 37 kQ/[0. Another literature
reported that GO-coated cotton E-textiles have a
much lower sheet resistance (~ 560 /) when the
GO-coated textile was reduced by NaBH, [103]. Such
lower resistance was achieved due to the high con-
centration (~ 0.5 mol/L) of NaBH,. This low sheet
resistance indicates the high percentage of reduction
of GO into rGO, and the C/O ratio is expected to be
high. However, reduction of GO-coated textile for
12 h by NaBH, (0.5 mol/L) reduced fabric tensile
strength by 25% which is much higher than that of
reduction process with Nay5,04 (2.4%) [102]. The dip
coating of fabric by using rGO ink has advantages
over by using GO ink in terms of scalability, ease of
production process. Dip coating of fabric with rGO
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ink eliminates higher reduction time and reduces the
possibility of the intermediate fabric washing hazard.
Since the ink is reduced before coating, it eliminates
the high-temperature post-reduction of dip-coated
textile. As a result, the conductive fabrics coated with
rGO ink have remained its original tensile strength
and drape.

Table 1 shows GO-coated polyamide nanofiber
fabric reduced by hydrazine vapor [104] has a sheet
resistance of 926 Q/[0 [104]. In this case, the resis-
tance is the effect of two important factors, and these
are the pores in nanofiber fabric that allowed ultra-
high mass loading of GO and a high concentration of
hydrazine (6 mol/L) that reduced GO at 150 °C for
5h. On the other hand, textile fabrics (cotton,
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Figure 2 a Illustration of Screen printing method (Reprinted with
permission from [100] copyright 2017, IOP science) b Illustration
of inkjet printing (Reprinted with permission from [4] copyright

polyester microfiber fabric) dip-coated with activated
carbon black directly show no significant higher
conductivity because the large size of the particle
(2-32 um) restricts sufficient impregnation through
the cotton fabric or polyester microfiber fabric [5].

Inkjet printing

Inkjet printing is an automated and controlled direct-
deposition technique of ink over the large surface
area of the textiles [62]. It can print high-resolution
functional patterns on textiles without the need for
masking or stencils. Inkjet printing is versatile and
amenable for mass production and being now a well-
established technique to print thin film of conductive
carbon inks. It has successfully applied for printing of
electronics over a large surface (see Fig. 2b). Wear-
able sensors, wearable antennas, conductive path,
energy devices such as a battery, supercapacitors,
ultra-capacitors, solar cells are being devised by
using inkjet-printed conductive textiles
[5, 15, 105-107]. Inkjet printing has precise control
over the printed pattern, pattern geometry, film

2015, Carbon) ¢ Dip coating (Reprinted with permission from [9]
copyright 2017, American Chemical Society).

thickness, electrical conductivity. The film thickness
is directly proportional to electrical conductivity; the
resistance decreases with the increase in the thickness
of active materials [15]. Ink viscosity, the surface
tension of the ink, density and the diameter of the jet
influences the ability of the inkjet nozzles. [108].

In inkjet printing, the ink is deposited in a drop on
demand (DoD) fashion. DOD printers eject the
materials only where it is required and forces the ink
out of series of nozzles mounted on a print head.
Furthermore, DOD is a more suitable technique for
printing conductive ink [4] due to less wastage of the
ink during printing. In the DoD mode inkjet printing,
the ink droplets are created to continuously jet by
piezoelectric actuation frequency of the nozzles. The
efficient droplet formation depends on the ink vis-
cosity, its surface tension, jetting frequency and the
actuation voltage of the nozzles [108, 109].

When the ink droplets impinge on the substrate,
the ink interacts with the substrate and this interac-
tion depends on the surface tension of the ink, ink
viscosity and the surface energy and the roughness of
the surface. After spreading the ink on the substrate,
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Figure 3 a Optical image
rGO dip-coated cotton textiles
b SEM image of rGO dip-
coated conductive cotton
woven fabric (Reprinted with
permission from [9] copyright
2017, American Chemical
Society). ¢ Optical image of
SWNTs dip-coated cotton
fabric d SEM of SWNT dip-
coated conductive cotton sheet
(Reprinted with permission
from [30] copyright 2010,
American Chemical Society).

the solvent evaporates, and ink solidifies upon sub-
sequent annealing process. Solidification of ink
depends on the degree of volatility, and the vapor
pressure of solvent, viscosity, and surfactant used in
the ink formulation [110].

Previous literature reported on inkjet printing of
SWNT ink directly on textiles. The ink was prepared
by adding SDS into highly concentrated SWNT sus-
pension (0.2 mg/ml). SDS improves the dispersibility
of SWNT by sidewall functionalization [15]. The ink
doesn’t require any binder as the SWNTs are dis-
persed by the surfactant. This inkjet-printing process
deposits 200-nm-thick conductive film that attributes
to a sheet resistance of 815 Q/[J. Another work
reported that the cotton textile fabric is first pre-
treated by inkjet printing of organic nanoparticle
(hydroxyl functional polystyrene emulsion polymer)
ink on the textile surface followed by the inkjet
printing of graphene ink on top of the pretreated
layer [110]. The hydrophobic organic nanoparticle
pre-treatment helps to build up the graphene layer on
top of the porous textile fabric. This ink was com-
posed of GO (0.5 mg/ml) aqueous dispersion, PVA
binder, and L-ascorbic acid. Here, PVA improves the
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ink rheology and L-ascorbic acid act as a reducing
agent for GO ink. Thus, inkjet-printed conductive
textiles achieved a sheet resistance of 2.1 kQ/J (see
Fig. 4f), whereas the sheet resistance is achieved as
1090 kQ/0 when the same graphene ink is printed
on bare cotton textile (see Fig. 4c). Inkjet printing of
CNT ink on textile achieved much lower resistance
than that of the GO ink. The high aspect ratio of CNT
creates a net or web-like structure on textiles (Fig. 4b)
which increases the electrical percolation network.
Another recent literature reports on the MWNT
(AquaCyl) inkjet-printed conductive textiles on both
cotton and cotton/polyester blend with and without
a cross-linkable binder (Ebecryl 2002; a mixture of
10% aliphatic urethane acrylate, and 0.7% Esacure DP
250; emulsion of 2,4,6-trimethylben-
zoyldiphenylphosphine oxide, a-hydroxyketones and
benzophenone derivatives) [79] (see Fig. 4b, e). Cot-
ton textiles show lower sheet resistance than that of
cotton/polyester blend since the aqueous ink wetted
the fibers more on cotton fabric. Conductive textiles
printed by using MWNT ink without crosslinking
agent show lower sheet resistance than that of the ink
with crosslinking agent. However, ink comprised of
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Figure 4 a and d SEM image of SWNT inkjet-printed cloth
fabric (Reprint with permission from [15] copyright 2010,
Tsinghua University Press and Springer). b and e SEM image of
MWNT inkjet-printed cotton woven fabric (Reprinted with
permission from [79] copyright 2010, John Wiley and Sons)

the crosslinking agent provides enhanced wash
durability of the textile although it reduces the
conductivity.

Screen printing

Screen printing is one of the most widely used tech-
niques for creating functional patterns on textiles.
The screen-printing process uses highly viscous ink, a
screen mesh with a particular design and a rubber/
metal squeegee. The ink is flooded on the screen and
pressurized by the squeegee stroke to transfer the
pattern on the fabric or substrate laid under the
screen (see Fig. 2a). The printed textile is then dried,
or heat-cured to fix active materials onto the sub-
strates. The durability of screen-printed electronics
depends on the ink viscosity, binder polymer used in
the ink, mesh opening of the screen and the surface
properties of the substrate such as surface roughness,
porosity, and wettability [111]. Figure 5 shows that a
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¢ SEM image rGO inkjet-printed bare cotton woven fabric f SEM
image of rGO printed structure onto organic nanoparticle (NP1)
printed cotton fabric (Published by the Royal Chemistry of
Society) [110].

firm and stable film are deposited on fabric surface
by the screen-printing process, which fills all the
pores of fabric and alters the drape and flexibility of
E-textiles remarkably. Thus, the screen-printed
E-textiles exhibit lower stability to folding and
unfolding due to the high thickness of the deposited
film. However, the printed conductive textile has
higher electron mobility resulting in higher conduc-
tivity due to the high concentration of conductive
particles in the viscous ink (Fig. 6).

The electrical conductivity of screen-printed
E-textiles depends on the thickness of the printed
pattern. The thickness of the film is directly propor-
tional to the concentration of the active materials and
pick-up ratio [4]. The thick paste of CB ink is used in
the screen-printing method to produce a conductive
cotton woven fabric of sheet resistance of 60 Q/C]
[88]. This highly viscous ink comprises of a composite
of natural rubber latex (NRL) and PVA as the binding
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Figure 5 SEM images of E-textiles. a and b Untreated cotton
fabric and GO screen-printed cotton fabric, respectively. Reprinted
with permission from [100] Copyright 2017, IOP Publishing
LTD). c and f Untreated polyester microfiber twill fabric and AC
screen-printed polyester fabric, respectively. d and g Untreated

polymer matrix and high amount of CB particles. In
some cases, such conductivity is much better than
graphene, CNTs and other conductive polymers. This
high conductivity is achieved due to the high mass
loading of CB (51.36% wt. in the ink), the high film
thickness of 150 micron and low particle size of
30-40 nm. On the other hand, screen printing of
graphene-CNT paste on cotton textile achieved the
sheet resistance of ~ 237 Q/[0 with the low film
thickness [112]. The resistance of the screen-printed
fabric with less film thickness is achieved due to the
lower particle size of the graphene and CNT.

The electrical conductivity is tunable in the screen
printing process by altering the printed film thick-
ness. In addition, the percentage of the binder has
also a significant effect on the electrical conductivity
and the electromechanical properties of the
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cotton lawn plain woven fabric and AC screen-printed cotton lawn
plain woven fabric. (Reproduced from [5] with permission from
the Royal Society of Chemistry). e and h Untreated cotton fabric
and CB screen-printed cotton fabric, respectively (Reproduced
from [82] with permission from the Royal Society of Chemistry).

conductive textile. A higher percentage of binder in
ink reduces the conductivity of printed pattern, but it
improves the stability of the printed pattern while it
undergoes folding and unfolding.

On the other hand, GO ink is used for screen-
printed E-textiles, which achieves the sheet resistance
of 110 kQ/0 [100]. The printing paste is prepared
from an aqueous dispersion of GO (5 mg/ml) with
acrylate binder to adjust the viscosity. Then the GO
printed E-textiles are electrochemically reduced
using FeCl; electrolyte at the 2 V electric potential for
180 min. The resultant conductive textile has C/O
ratio of 8 suggesting a strong reduction of GO.

In summary, the conductivity of E-textiles depends
mostly on the intrinsic properties of functional
materials, their colloidal suspension in the form of
ink, and the procedures used to apply the function
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Figure 6 a Optical image of (a)~
MnO, coated hollow carbon
microsphere screen-printed
conductive textile (Reprinted
with permission from [113]
copyright 2016 American
Chemical Society) b Optical
image of GO inkjet-printed
cotton fabric (Published by
The Royal Society of
Chemistry [110] ¢ Optical
image of MWNT dip-coated
cotton fabric (Reprinted with
permission from [114]
copyright 2011, ELSEVIER
B.V) d Optical image of
SWNT dip-coated cotton
fabric (Reprinted with
permission from [30]
copyright 2010, American
Chemical Society).

materials of textiles. CNT is the most promising
material to fabricate highly conductive textiles in any
fabrication methods since the high aspect ratio of
CNT can create a web-like network in the porous
matrix of textiles. Such a web-like structure allows
low penetration of the CNTs into the fibers and
ensures high electron mobility by increasing the
conductive percolation network. However, the scal-
ability of CNTs production is very low, which makes
the material expensive. On the other hand, graphene
is also an excellent scalable and functional material
for producing conductive E-textiles with high elec-
trical conductivity and mechanical strength [115].
However, the superior electrical and mechanical
properties of 2D graphene film are not possible yet to
practically achieve on the rough surface like textiles.
As describes, the graphene flakes are generally oxi-
dized to formulate aqueous ink so that it can be
applied on textiles, which then requires a subsequent
reduction process of GO to achieve electrical con-
ductivity. The conductivity of the graphene-coated
textile largely depends on the efficiency of this
reduction process. Additionally, the small form factor
of graphene flakes deposited on porous anisotropic
textile cannot create the ideal connected 2D film on
the surface that would develop a superior conductive
film. Thus, this paper finds that the graphene-coated
E-textiles manufacturing processes are not yet very
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suitable for the electromechanical
properties.

Apart from these two nanomaterials, AC and CB
could also be promising material to fabricate E-tex-
tiles. However, limited work has been published in
fabricating E-textiles by using AC and CB. We find
these materials are very promising to formulate high
filler loaded screen-printable conductive paste since
these materials can be manufactured in large scale at
a lower cost.

In processing, screen printing could be more suit-
able fabrication method for manufacturing highly
conductive E-textiles because of high concentration of
the functional material in the printed pattern. Addi-
tionally, the thick conductive paste can be deposited
on the porous textiles as a film to create a connected
electrical network. Although this process may alter
the physical properties of the textile materials, the
literature suggests that the electromechanical perfor-
mance of the printed pattern can be improved by
increasing the penetration of the thick ink in the fiber
bulk of textile substrate [32]. Dip coating is suit-
able for the highly scalable production process.
However, the achieved sheet resistance is higher than
that of the conductive pattern deposited by the
screen-printing method. The dip coating process can
conformally coat both the back and face side of the
fabric with conductive materials without altering the

expected
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intrinsic mechanical properties of the pristine textiles.
Inkjet printing is also a potential method for fabri-
cating very thin structured layer on the fabric surface.
However, the electrical conductivity achieved in
inkjet-printed E-textiles with carbon-based conduc-
tive ink is very low compared to the other discussed
methods. However, inkjet printing is highly auto-
mated and scalable for mass production and does not
alter the properties of the textile. Inkjet process is
very suitable for applications such as a textile-based
chemical sensor and biosensors [116] where high-
resolution printed patterns of functional materials
with moderate electrical conductivity are required.
Based on the overview of recent literature, the fol-
lowing table is compiled to compare the electrical
conductivity achieved on textile substrates manufac-
tured by different coating methods and carbon
materials.

Application of carbon-based E-textiles

The low cost of carbon-based conductive materials,
the unique comfort properties of textile substrates
and the recent development of the manufacturing
process of carbon-based conductive textiles have
developed lots of interest to use these materials for
different applications. The applications of E-textiles
developed using carbonaceous materials depend on
the electromechanical properties, durability and the
comfort of the conductive fabric. Carbon-based
E-textile applications include different types of
wearable sensors, (i.e., pressure sensor, stress—strain
sensor, chemical sensor) [59, 112] wearable and
nonwearable heating pads [82, 118], textile-based
health-care monitoring devices [31, 121] etc. Addi-
tionally, having very high specific capacitance car-
bonaceous materials is also very suitable for
developing energy storage devices such as batteries
and supercapacitors [5, 30, 119]. The following sec-
tion of the paper presents the representative struc-
tures of textile fabric-based energy devices, heating
devices, and sensors with a brief investigation of the
material’s properties, fabrication methods and their
corresponding electrical stability under different
stimuli.
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Fabric-based wearable heating devices

Carbon-based conductive materials are used as
potential active materials for fabricating low-cost
large area wearable heating pads. The temperature of
a conductive fabric can go high following the prin-
ciple of Joule heating as a voltage applied across the
end of the conductive fabric. The performance of the
Joule heating is proportional to I°R, where I is the
current flow through the conductive textile (or heat-
ing pad) and R is the resistance of the heating pad. As
the resistance of the heating pad decreases, the cur-
rent flow increases by the squared factor. Therefore,
the Joule heating performance of the heating pad is
disproportionate to the resistance of the heating pad.
CNTs-based dip-coated heating device was reported
with satisfactory Joule heating performance [118].
Figure 7a, b illustrates the CNT-based cotton heater
and the heating performance respective to the dif-
ferent voltage. The 3 x 4 cm size heater reaches at
50 °C within 200 s when the applied voltage is 40 V
across the device. However, after 220 s of continuous
heating, the heater loses the ability of heating.
Another recent literature reported CB screen-prin-
ted wearable heater [82]. The CB print paste was
printed on (3 x 4 cm) polyester fabric by a screen
printing method. The resistance of the heating pad
decreases with the increase in printing layers, which
helps to improve Joule heating performance. Addi-
tion of CB print layers on a polyester fabric slightly
increased the generated heating temperature as sug-
gested in Fig. 7c. However, CNT-based dip-coated
fabric heater generated less heat with the same volt-
age as compared to the CB screen-printed polyester
fabric heater. This is because of the difference of
resistance since the Joule heating performance
enhanced with the decrease in materials resistance
and the increase in the current flow. The screen-
printed CB paste formed a film on fabric that was
highly dense with conductive materials which
enhanced higher charge mobility than the dip-coated
fabric heater. In addition, the screen-printed CB
heater survived and exhibited repeated heating
cycles until 60 min. The PU/CB/fabric system con-
structed in this study showed very high stability,
repeatability, and quick response. Moreover, it has
flexibility and stretchability due to the properties of
the polyurethane matrix. Figure 7d demonstrates that
PU/CB/fabric system is a promising candidate for
low-cost wearable, flexible, and stretchable heaters.
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Figure 7 a The illustration of (a)
CNT-based cotton fabric

heater connected with circuits

b heating performance of the

heater to the time at a different E
applied voltage (1040 V).
(Reproduced from [120] with
permission from The Royal
Society of Chemistry) ¢ Image
of CB screen-printed polyester
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Thus, screen printing of thick carbon inks seems to be
more suitable for heating pad applications than the
other fabrication process.

Chemical sensor

Chemical sensors change its electrical properties due
to the change of the chemical environment. Detection
of toxic gases and chemicals is of importance in the
workplace and as a safety measure in unknown
environments. Although carbon particles have the
inherent property of adsorbing gaseous molecule
[121], carbon-based fabric sensors are less reported in
the literature. Literature reports carbon-based fabric
sensor characterized to detect the acetone and
methane vapor [112]. This gas sensor was fabricated
by a screen printing of the carbon ink composed of
graphene pellets and 3% wt. aqueous dispersion of
MWNT. The sensitivity of the sensor is examined by
the relative resistance before and after exposure to
acetone and methane vapor. The relative resistance
changes with the concentration of the acetone and
methane vapor. This is due to the fact that the gas
particles adsorbed in the surface of the fabric which
interrupts the uniform conductive path of MWNT.
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This sensor detects the methanol more easily than
acetone because methanol has a lower dipole
moment than acetone.

The carbon-based conductive electrode is more
potential than the metal electrode in fabricating
amperometric sensors since carbon materials are
highly stable and are not as easily oxidized and
reduced in chemical solution as metal electrodes. As
a result, the carbon electrode shows potential
usability as amperometric chemical sensors. A
screen-printed amperometric chemical sensor is fab-
ricated by using CB printing ink [119]. In that work,
ten rectangular carbon electrodes are printed onto the
inner side of the elastic band of the underwear by
using carbon-based ink (E3449; Ercon, Wareham,
MA). Figure 8a represents the linear-scan voltam-
mograms for NADH solutions of increasing concen-
trations in 20 mM steps over the 20-100 mM range
(b—f). Well-defined voltammetric peaks are observed
for these micromolar NADH concentrations (E,.
=0.80 V), along with a low background current.
Such voltammograms result in a well-defined linear
calibration plot (shown in the inset), with a sensitivity
of 0.07 mA mM ™. This sensor can detect the NADH,
H>0, and ferrocyanide level in wearer’s perspiration
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Carbon

electrode

Figure 8 a Optical image of a biosensor that fabricated by screen
printing of carbon ink on undergarment (background) along with
response for increasing NADH
concentrations (left inset) and magnified top view of a single
electrode of the biosensor (right inset) (Reproduced from [119]

linear-scan  voltammetric

as well as it can survive under mechanical stress
relevant to wearer’s daily activity. The screen-print-
ing technique offers reliability, reproducibility, mass
production with low cost. Furthermore, electrodes
can be easily printed in different shapes, sizes and
also modified with various kinds of biological ele-
ments and nanomaterials. The sensing properties of a
chemical sensor are described in terms of the identi-
fication of chemicals and the determination of the
concentration of the chemical. However, these two
criteria are not still well defined in fabric-based
chemical sensor [119].

Heart rate monitoring electrode

Electrocardiography (ECG) is a well-established
medical test to monitor the electrical activity of the
heart and gain useful information about the heart
condition [122]. The electrocardiogram is being
recorded by using conventional electrode which has
three main parts, a silver/silver-chloride (Ag/AgCl)
sensing region, conductive gel, and an adhesive
backing pad for effective attachment to skin [123].
Though a very limited number of literatures reports
purely on the carbon-based textile electrode for ECG
monitoring, conductive textiles have attracted atten-
tion as ECG electrode in recent days. A graphene-
clad textile electrode for electrocardiogram monitor-
ing sensor is fabricated by using a dip coating
method [31]. In that work, nylon fabric is dipped into
GO suspension and then the textile was reduced by
hydrazine vapor. This conductive textile is used as
electrodes to record an electrocardiogram of a
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b Demonstration of a rGO-coated textile bend sensor mounted
on a wrist and showing change of electrical resistance with respect
to upward and downward movements. (Reprinted with permission
from [9] copyright 2017, American Chemical Society).

human. Figure 9a, ¢ represents the arrangement of
the graphene-clad electrode to record the ECG signal.
Figure 9b, d shows that ECG recordings from the
textile electrodes display excellent correlation both in
time and frequency domain to those from conven-
tional Ag/AgCl electrodes (Fig. 10).

Though both electrodes have the similar noise
immunity, the contact impedance of graphene-clad
textiles electrode is higher than the Ag/AgCl elec-
trode. But this discrepancy doesn’t significantly affect
the signal fidelity. Moreover, graphene-clad textile
ECG electrodes have advantages over conventional
electrodes as they alleviate the need for gel, provide
comfort, wearability, reusability and easy integration
to personal clothing. Another very recent research
reported about inkjet-printed rGO textile electrode to
perform ECG [31]. This rGO printed cotton electrode
is able to record high-quality ECG with the average
signal-to-noise ratio maintained over 21 dB and
compared to a reference heart rate monitor the esti-
mated heart rate is accurate to within 2.1 beats per
minute (bpm).

Stress sensor

Carbon-based conductive textiles are responsive to
mechanical action such as bending and unbending,
twisting and untwisting, stretching and relaxation
[125]. They are capable of detecting human body
movements such as wrist, elbow, and fingers. The
literature reports the rGO dip-coated cotton bend
sensor and the changes of resistance during bending-
unbending in repeating and predicting manner [9].
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Figure 9 a The illustration of the graphene-clad electrode and its
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Figure 10 a Illustration of the (a)
gel electrolyte supercapacitor AU A
(Reprinted with permission Ry DA ."'.

from [119] copyright 2016,
ELSEVIER B.V) b SWNT-
coated fabric supercapacitor.
(Reprinted with permission
from [30] copyright 2010,
American Chemical Society).

gel electrolyte

Figure 8b illustrates the changes of resistance during
bending and unbending of the sensor. As the fig-
ure illustrated that a repeatable response in forward
(bending) and reverse (bending back) directions were
observed [9, 124]. Similarly, for compression with
concave upward position, the change in resistance of
the rGO-coated cotton fabrics is repeatable in both
the forward (compression) and reverse (compression
back) directions. Since individual cotton fibers are
uniformly coated with rGO during padding on both
sides of the fabric maintaining same porosity of
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Ag/AgCl electrode. d ECG signal obtained from the graphene-clad
electrode with the same condition. (Reprinted with permission
from [123] copyright 2015, ELSEVIER B. V).

textile fibers and (b)
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coated on
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cotton woven fabric [125, 126], the change of resis-
tance is then dictated by the mechanical distortion of
the three-dimensional conductive network of con-
ductive fibers. The long-time performance of the
sensors depends on the reliability of sensors under
repetitive bending and unbending, twisting and
untwisting.
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Energy storing devices

Flexible, foldable, stretchable, non-toxic and safe
energy storage has become a primary concern for the
researcher with the continuous development of smart
textiles. In this area, flexible supercapacitor, electrical
double layer capacitor, and battery are widely used
devices to store energy produced from energy har-
vester such as piezo-resistor, solar cell, fuel cell
[4, 106]. Electrode, electrolyte, and separator are three
basic components of these devices [1]. Scalable
preparation of the flexible electrode is the core part to
fabricate efficient energy storing devices. Conse-
quently, many of current literatures pay attention on
scalable production of flexible electrodes using car-
bon-based functional materials such as graphene,
rGO, GO, CNTs, carbon onion and AC
[5, 14, 30, 77, 80, 103, 104, 114, 117] since carbon
materials have intrinsic specific capacitance and high
surface area. Moreover, these carbon materials
enhance the roughness of the porous structure of the
textile substrate and increase the surface area of the
electrode to accommodate more charge. This prop-
erty of textile and carbon material makes them suit-
able for energy storage application.

Dip coating, screen printing inkjet, printing have
been popular fabrication methods of applying car-
bonaceous functional materials on textiles [15, 100].
Some other studies report that cotton fabric treated
with graphene, rGO, CNTs, and AC are further
coated by some metallic active material such as MnO,
nanoflakes, RuO,, Co(OH), in order to enhance the
specific capacitance [12, 14, 15, 80]. Very recent lit-
erature reports that screen printing of silk fabric by
using MnO2-coated hollow carbon microspheres
eliminates the requirement of additional coating
[113]. Apart from manufacturing conductive elec-
trodes, the choice of electrolyte is another critical
stage of fabricating supercapacitor to enhance
capacitance, physical properties. PVA gel electrolyte
seems promising as they can be applied in a solidified
glue form.

Literature also reports MWNT dip-coated super-
capacitor where a cotton fabric is coated with MWNT
ink. Then coated cotton fabric is further treated with
CoCl,-6H,0 solution at 100 °C which forms Co(OH),
layer and encapsulated the MWNT-coated fabric. It
shows a high specific capacitance (11220 mF/cm? at
15 mA /cm?) of the coated material [114]. Moreover,
it has good electrochemical stability of 4% capacity
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loss after 2000 cycles at high rates, which is of sig-
nificance to its practical applications. Another recent
research reported about inkjet-printed PVA gel/
SWNT supercapacitor and RuO, nanowire/SWNT
nanostructured supercapacitor. The later superca-
pacitor displayed an enhanced device performance,
in terms of Coulombic efficiency of >99%, the
specific capacitance of 138 F/g, the power density of
96 kW /kg, and energy density of 18.8 Wh/kg. This is
due to the pseudo-capacitance contributed by the
metal oxide nanowires. Very recent literature also
reports supercapacitor prepared by screen printing of
GO ink on cotton, followed by a reduction process of
GO. The printed electrodes are coated with a
hydrogel-polymer electrolyte, PVA doped with
H,SO, [100]. The obtained areal capacitance is
2.5 mF/cm® and maintained 95.6% of these values
when tested under bending conditions. The solid-
state super device exhibits superior electrochemical
stability and maintained 97% of its original capaci-
tance after 10,000 cycles [100]. This is due to the
mechanical stability of graphene in cotton textile and
elasticity of solidified polymer gel electrolyte that
prevents cracking of electrode. However, the capaci-
tance depends on the mass loading of the active
materials. But too high mass loading creates com-
plexity in a uniform distribution of charge. Electrode
materials used for energy storage are required to
have a high specific surface area. Dip-coated con-
ductive textiles have preferably favorable surface
functionalities. It is a suitable combination of micro-
pores and mesopores for fast ion mobility and good
electrical conductivity. As functional active materials
graphene and CNTs are the most promising materi-
als. However, AC and CB also show potentiality as
active materials for energy applications [32, 119].

Conclusion and outlook

In this critical review, we have gone through recent
literature published on the synthesis process carbon-
based functional materials, the process of formulating
their ink suspension and the methods of applying
these materials on textile for E-textile applications.
The paper also covers the E-textile applications in
producing energy storage devices and sensors, textile
heater and ECG. The complete review of the carbon-
based E-textiles shows the following concluding
remarks.
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Having nanometer size unique morphology, high
intrinsic electrical conductivity [127, 128] and high
surface area, CNT and graphene are the most effec-
tive materials for fabricating energy storage devices
and wearable sensors. However, the large aspect ratio
of CNT helps to increase the electrical percolation
points in porous textile structure, which improves the
conductivity. The production processes of CB and AC
are scalable, and these materials are used for for-
mulating screen-printable thick paste ink with den-
sely loaded carbon particles. Therefore, the low-cost
conductive thick paste ink from CB and AC is suit-
able for textile device with a large area such as a
heating pad. Electrochemically stable carbon-based
materials are promising for sensing toxic gases and
biological fluids. Additionally, the intrinsic high
specific capacitance of carbon materials and the high
surface area of textile make carbon-coated textiles as
the suitable structure of energy storage device.
Although considerable performance in textile-based
wearable electronic devices has already been
achieved, further efforts to improve and scale up the
processability of the carbon-based ink materials on
textiles are required to enhance the commercial
growth of this field. This review covers the most
recent developments of carbon-based E-textiles and
identifies the critical points that will help the
researcher to understand and improve the state-of-
the-art technologies of the field of carbon-based
E-textiles.
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